The influence of the polyamines putrescine (Put), spermine (Spr) and spermidine (Spd) on growth and furanocoumarin production was investigated by exogenous addition, at different concentrations, to shoot cultures of Ruta graveolens at different phases of growth. Preliminary studies indicated that addition of Put (20 µM) and Spr (80 µM) had a promotive effect on shoot multiplication rate and number of multiple shoots formed. Spd was toxic, even at lower concentrations. The growth-phase of the culture at the time of exogenous addition of polyamines was found to be an important factor. Put was most effective when added at the lag phase, while Spr was most effective when added in the log phase. Time course studies of growth and furanocoumarin content were carried out for each polyamine and phase of addition. It was seen that maximum production of furanocoumarins (256.8 mg/10 g DW) occurred in the second week when Put was added in the lag phase and 260.5 mg/10 g DW in the fourth week when Spr was added in the log phase. Put addition resulted in a 3.10 fold increase in psoralen, 6.12 in xanthotoxin and 1.46 fold in bergapten production. Spr addition resulted in a 1.31 fold increase in psoralen, 4.11 fold in xanthotoxin and 1.49 fold in bergapten production. Results indicate that alteration of growth and furanocoumarin production kinetics is a combined outcome of choice of polyamine and the phase of culture at the time of exogenous addition. Polyamine addition enabled significant enhancement in production of pharmaceutically important bergapten and xanthotoxin in shoot cultures of Ruta graveolens, which could be explored for commercial production.
Furanocoumarins (FCs) are widely used in treatment of leucoderma, vitiligo, psoriasis, multiple sclerosis, cutaneous lymphomas and considered to be potent anti-HIV agents. Due to their limited distribution in the plant kingdom, research in controlled in vitro production is important. Ruta sps have been reported to produce substantially higher amounts of FCs than other plants studied (2.6 mg/g DW to 15 mg/g DW) [1] . In vitro shoot cultures have been explored for scaling up [2, 3] , as these cultures were reported to produce FCs at rates equal to or higher than in vivo plants [4, 5] . A commercially viable protocol could result from either improving productivity or reducing the time taken for product formation.
Bais et al. [6] proposed that polyamines are capable of increasing production of these metabolites, probably as they act as signaling molecules based on the observations indicating that polyamine titers increased following pathogen attack [7] with the consequent rise in phytoalexins produced [8] . Polyamines also play an important role in various physiological processes like root and shoot formation, flower development, and regulation of cell growth and embryogenesis [9] [10] [11] [12] . Hence their titers also probably affect explant response in vitro. Moreover, the preliminary work in our lab indicated that polyamines influence multiple shoot induction in Ruta graveolens [2] . Polyamines were also seen to induce FC production [2] in shoot cultures. So far, there are no other reports on the effect of exogenous polyamine addition on FC production. As polyamines regulate both, growth and secondary metabolite production, the role of exogenous polyamines for enhanced FC production was envisaged and has been studied here.
The growth phase of culture (lag, log and stationary phase) at the time of polyamine addition was considered to be important as endogenous levels and ratios of polyamines have been reported to change with replication of cells and initiation of shoots [10] . In this paper we report the effect of growth-phase dependent polyamine addition on biomass and furanocoumarin production in the RS2 shoot line of Ruta graveolens developed in our laboratory [2] .
Putrescine: Putrescine (Put), 20 µM (growth index, GI of 6.21) [2] , was used for growth-phase dependent polyamine addition. Further increases in Put concentration decreased GI and the number of multiples formed. Besides, it was observed that culturing multiple shoots on high concentrations of Put for prolonged durations (6 weeks) led to loss in morphogenetic potential and callus formation [2] . Loss of morphogenetic capacity as a result of excessive polyamine accumulation has been reported earlier [13, 14] .
The effect of addition of Put was determined by its growth-phase dependent addition on day 7 (lag phase), day 14 (log phase) and day 21 (stationary phase) and is represented in Table 1. A two-way Anova (VassarStats) of growth-phase dependent Put (20 µM) addition showed that lag phase addition resulted in a significant decrease of doubling time from 9.4 days (control) to 6.9 (Table 1) . Putrescine is believed to play a role in acquiring morphogenic competence directly or indirectly by its rapid conversion into spermidine and spermine, as their levels are reported to increase during organogenesis [15] .
FC production in response to growth phase dependent Put addition was studied by a time course assay and is illustrated in Figure 1 . It was seen that maximum furanocoumarin production of 256.8 mg/10 g DW was obtained in the second week of lag phase addition of Put (Table 1 ). This production was 1.53 fold higher and obtained in half the time as compared with control (without exogenous polyamines).
The total amounts of psoralen and xanthotoxin increased 3.10 fold and 2.21, fold respectively over the control. Production of bergapten peaked in the week following Put addition, irrespective of the growth phase at the time of addition. The maximum production of bergapten (195 mg/10 g DW) was obtained in the week following lag phase Put addition (Table 1, Figure 1 ). In this connection it is interesting to note that previous studies [16] have shown that bergapten was present in higher concentration in shoots and xanthotoxin in roots by localization studies. As the present study used shoot lines, the higher levels of bergapten concentration could probably be related to its known sites of accumulation (shoots).
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Spermine:
The optimum concentration of spermine was 80 µM. Spr promoted multiple shoot initiation and elongation and no callus formation was observed, as reported earlier [2] . Similar promotive effects of increased titers of spermine on shoot multiplication rate and shoot length were reported in Chicorium intybus [17] .
The effect of Spr (80 µM) was determined by its growth-phase dependent addition on days 7, 14 and 21. A two-way Anova (VassarStats) analysis of growth-phase dependent Spr (80 µM) addition showed that log phase addition resulted in a significant decrease of doubling time from 9.4 days (control) to 4.5 (Table 2) .
FC production in response to growth phase dependent Spr addition was studied by a time course assay and is illustrated in Figure 2 . It was observed that maximum FC production (270.5 mg/10 g DW) was obtained in the fourth week of log phase Spr addition (Table 2 ). This production was 1.62 fold higher than that of the control. The total amounts of psoralen, bergapten and xanthotoxin were 2.40, 1.56 and 2.53 fold higher over the control, respectively and the time of highest production was similar to that of the control viz 4 th week (Table 2, Figure 2 ). Increase in coumarin production (4.06 to 3.71 fold) due to increase in endogenous levels of spermine has been reported in hairy root cultures of Chicorium intybus [8] .
On the basis of experimental results, a statistical test was carried out at the peak of FC production using the Anova test. This was employed to determine the level of significance of polyamine and growth-phase dependent addition. Statistically the data show that the choice of polyamine followed by the time of addition play a significant role in enhancement of FCs at p≤ 0.005. Therefore, to look at the interactions between the parameters tested, a Pareto chart [18] is shown in Figure 3 , where bars represent the contribution of polyamine used and growth-phase dependent addition. Not only can the individual effect of the chosen parameter be investigated, but also their potential synergistic actions can be determined. A similar approach to determine the significance of effect of each factor on production of bactitracin A has been followed by Murphy et al [18] .
The scale-up potential of line RS2 has been evaluated earlier, where shoot cultures were successfully scaled up to 5 L without loss in growth rate and productivity [2] . This opens up possibilities for further enhancement of furanocoumarin production by exogenous polyamines addition, which could be explored commercially. Though the addition of polyamines has been shown to induce changes in the type of phenolics in the culture as well as their quantity [19] , neither one of these has been reported for furanocoumarin production. Results indicate that alteration of growth and production kinetics is a combined outcome of choice of polyamine and the phase of culture at the time of exogenous addition. Polyamine enabled significant enhancement in production of pharmaceutically important bergapten and xanthotoxin in in vitro shoot cultures of Ruta graveolens, which could be explored for commercial production due to scalability of shoot cultures [2] .
Experimental
Establishment of shoot culture: Multiple shoot cultures were established on MS medium [20] supplied with various combinations of BAP, IAA, 2,4D,and NAA at 24 ±2˚C under 16 h photoperiod (40 mMol m -2 s -1 ). Line RS2, growing on 4.44 mM BAP + 17.12 mM IAA, was selected for its high growth rate and furanocoumarin productivity, as described previously [2] . Line RS2 was used to study the effect of polyamines.
Growth-phase dependent polyamine addition: Polyamines were filter sterilized using a 0.45µM membrane filter and added exogenously to the culture medium, as described previously [2] , to obtain the desired concentrations. Flasks without polyamines were treated as control. Effect on growth and furanocoumarin production was determined weekly for each experiment.
Polyamines were added exogenously at different time points to shoot cultures with 2 g of shoots inoculated in 250 mL Erlenmeyer flasks containing 50 mL of medium. Three phases of culture were identified (day 7 as lag, day 14 as log, and day 21 as stationary phase) to evaluate the effect of addition at different phases of growth. Each experiment was repeated twice and consisted of 3 replicates. Time course study was conducted for 4 weeks monitoring growth and furanocoumarin production every week.
Growth assay: Biomass growth was assayed in terms of fresh weight, number of multiple shoots formed per explant and elongation of shoots. Growth index (GI) [21] and doubling time (TD) were also calculated. Growth index (GI) was calculated using the formula: GI = Final weight -Initial weight / initial weight For doubling time, a graph of log 2 values of fresh weight was plotted against days. Inverse of slope of any 2 points in exponential phase gives doubling time (TD).
Furanocoumarin estimation:
Furanocoumarins were extracted and estimated according to a method described previously [2] . Briefly, dried plant material was hydrolyzed (2N HCl at 80°C for 20 min) and extracted with ethanol at 80°C for 20 min, followed by sonication for 20 min and then centrifuged. Filtered supernatant was injected into a chromatographic column, analyzed at 254 nm using HPLC (Merck Hitachi, UV-VIS detector, RP C 18 Neucleosil). The solvent system used was methanol: water (7:3) with a flow rate of 1mL/min. Confirmation and quantification was carried out using standard psoralen, bergapten, and xanthotoxin (Sigma-Aldrich, USA).
Statistical analysis:
Each experiment was performed with 3 replicates and repeated twice, with similar results. The mean ± SE values have been calculated from the data of 6 replicates. Statistical analysis of the data involved Student's T-test to check differences between the treatments. The results were analyzed using Two-way Anova (VassarStats) at a significance level of 95%, and critical values for Turkey HSD test were calculated for significant F values.
